Plasmacytomas induced in BALB/c mice by pristane consistently evidence chromosomal translocations involving the c-myc gene and one of the Ig loci. This observation has lead to the suggestion that c-myc deregulation is a critical event in the generation of such tumors. However, it is not clear whether c-myc translocation is related to pristane treatment or occurs in normal lymphocyte populations nor whether such translocations occur normally, and at similar frequencies, in strains genetically resistant to plasmacytoma development, such as DBA/2. In order to address these questions, a Long Distance PCR assay with single copy sensitivity was employed to assess the frequency of cmyc/IgA translocations in normal and immunized mice of both plasmacytoma resistant and susceptible lineages in the absence of pristane treatment. Our data demonstrate that spontaneous translocations occur in normal DBA/2 and BALB/c mice with no signi®cant dierences in frequency. A 3 ± 5-fold increase in translocation frequency was observed in mice immunized with cholera toxin, a strong stimulator of IgA responses. We conclude that c-myc deregulation by chromosomal translocation is associated with normal physiological processes of B-cell dierentiation and, as such, can not be the determining factor leading to malignancy.
Introduction
Non-random chromosomal abnormalities have been associated with a number of hematopoietic malignancies of both human and mouse origin aecting various cell lineages (Potter and Wiener, 1992; Gauwerky and Croce, 1993; Rabbits, 1996) . In a number of B-cell tumors a signi®cant portion of these chromosomal aberrations consists of reciprocal translocations between the immunoglobulin loci and putative oncogenes, such as bcl-2 or c-myc. Bcl-2/J H rearrangements are frequently seen in follicular lymphoma (Tsujimoto et al., 1985; Weiss et al., 1987) and c-myc/Ig translocations are hallmarks of Burkitt's lymphoma (Dalla-Favera et al., 1982; Magrath et al., 1992) and murine plasma cell tumors (Shen-Ong et al., 1982; Adams et al., 1983; Potter and Wiener, 1992) .
Plasmacytomas arise in the peritoneal cavity of BALB/c mice upon induction by a variety of agents including chemical carcinogens such as pristane as well as oncogene containing retroviruses (Potter and Boyce, 1962; Anderson and Potter, 1969; Troppmair et al., 1989; Largaespada et al., 1992; Potter et al., 1994a) . A common feature of virtually all pristane induced plasmacytomas is a transcriptionally deregulated c-myc gene (Shen-Ong et al., 1982; Adams et al., 1983; Potter and Wiener, 1992) resulting from a reciprocal chromosomal translocation which, in *90% of cases, involves chromosomes 12 and 15, (t(12;15) ). In *80% of these, cmyc is juxtaposed to the upstream region of the Iga gene placing it under regulatory control of Ig enhancer elements (Shen-Ong et al., 1982; Potter and Wiener, 1992) . The translocation usually involves repetitive sequences within switch (S) regions of Ig genes and switch-like motifs in the myc gene (Gerondakis et al., 1984; Dunnick et al., 1993) , suggesting that c-myc-Ig H joining might be a result of illegitimate recombination accompanying Ig gene rearrangements occurring during B-cell ontogeny. Translocations involving c-myc have also been detected in`preneoplastic' lesions of pristane treated mice providing further evidence that this is likely to be an early event in plasma cell tumor development (Muller et al., 1996) . However, it is not known whether such processes also occur during normal lymphocyte development and, if so, at what frequency.
Another fundamental feature of the murine plasmacytoma model is the well documented genetic predisposition to disease. Among susceptible BALB/cAn mice, plasmacytomas can be induced by intraperitoneal injection of pristane in approximately 60% of animals, whereas DBA/2 mice are completely resistant to tumor development (Potter, 1984; Potter and Wiener, 1992) . At least three loci in¯uencing these phenotypes have been localized on dierent chromosomes (Mock et al., 1993; Potter et al., 1994b) , however no speci®c genes or functions have been de®ned. One possibility is that resistant and susceptible phenotypes may result from dierent abilities to aect events critical to plasmacytomagenesis, such as c-myc deregulation. To approach the above questions, we have examined the frequency of c-myc translocations in susceptible and resistant mouse strains as well as the association of this event with normal physiological processes.
Results

Detection of translocations
Translocations involving c-myc and the IgA locus have been well characterized in a number of murine plasma cell tumors (Shen-Ong et al., 1982; Adams et al., 1983; Muller et al., 1994) . Since the breakpoints in both cmyc and IgA switch region (Sa) are found to vary widely, a long distance PCR (Cheng et al., 1994a, b) based approach with single copy sensitivity, followed by speci®c detection of PCR products, was employed in order to detect all translocation events irrespective of breakpoint location. PCR primers corresponding to sequences in exon 2 of c-myc and the 3'¯anking region of Sa were used for initial ampli®cation followed by a second step using nested primers (Figure 1a) . To demonstrate that ampli®ed products represented, in fact, c-myc/IgA translocations, Southern blotting was subsequently performed using probes internal to the primers from both the c-myc gene and the Sa region. The sensitivity of this assay was assessed using DNA from two plasma cell tumor cell lines, S107 and TEPC1165. DNA from these cell lines was mixed in equimolar proportions and diluted in embryonic stem cell DNA to a ®nal concentration of 1 translocation copy per reaction mixture. PCR of these reaction mixtures ( Figure 1b ) revealed that in multiple experiments 4 ± 5 samples out of 10 were positive for S107 and 6 ± 7 for T1165. From a binomial distribution, 66% of samples are expected to be positive if the average content is one positive/sample (Sokal and Rohlf, 1995) . Thus, the assay is capable of detecting 60 ± 75% of S107 and 90 ± 100% of T1165 translocations. In separate experiments at least three dierent rearrangements could be detected simultaneously in one sample (Figure 1b) .
c-myc translocations in normal mice
Since normally occurring translocations would be expected to be present at low frequencies, DNA from Peyer's patches (a primary site for IgA expressing Bcells), mesenteric lymph node and spleen (for which B cell content had been determined by FACS analysis) was divided into aliquots representing 5610 5 mononuclear cells/aliquot and multiple aliquots analysed from both tumor susceptible (BALB/c) and resistant (DBA/2) mice. A total of 18 spontaneous c-myc/IgA translocations were detected in Peyer's patches of normal animals, 12 in BALB/c and six in DBA/2 mice (Table 1) among 77 independent samples. Agarose gel electrophoresis followed by Southern blot analysis using myc and Sa oligonucleotide probes revealed a PCR product size range of 1.9 to 7.5 kb (Figure 2 ). Nearly all translocations were unique based on dierent PCR product size with the exception of BPS-10 and BPS-11. These two translocations did, however, demonstrate dierences in sequence analysis (Figure 3 ). In contrast, BPS-4 and DPS-5 varied by 3 kb in size and originated in dierent mouse strains yet shared the same breakpoint site in the intron between exons 1 and 2. Of six translocations subjected to sequence analysis (Figure 3 ), all breakpoints in the myc gene were localized to intron 1 at the following positions: BPS-7, 1103; BPS-10, 1201; BPS-11, 1203; BPS-5, 1700; BPS-4 and DPS-5, 2360. Calculation of translocation frequencies (Table 1 ) revealed no dierence (0.56 versus 0.55 per 10 6 B cells) for tumor susceptible BALB/c and tumor resistant DBA/2 mice (t=0.23, df 75, P40.5). Analysis of 72 samples from mesenteric lymph node and spleen of the same animals revealed only a single translocation. The lack of translocations in mesenteric lymph node and spleen may re¯ect the paucity of IgA producing cells in these organs.
Eect of immunization with cholera toxin on the frequency of spontaneous c-myc/IgA translocations
Peyer's patches are considered to be a primary site of origin for IgA committed B cells following exposure to Figure 1 Detection of translocations. (a) Schematic representation of strategy for detecting translocations between c-myc and the a switch region using LD PCR with nested primers, followed by hybridization with speci®c oligonucleotide probes. (b) Sensitivity of assay, left, Equimolar mixtures of S107 and T1165 DNA with characterized c-myc/IgA translocations were diluted to contain a calculated single translocation copy of each per reaction mixture. Ampli®ed samples were electrophoresed on agarose gels and stained with ethidium bromide, right, DNA from three tumors (S107, M315 and T1165) at three copies per reaction mixture were ampli®ed individually or as a pool to demonstrate detection of dierent translocations (Craig and Cebra, 1971; Husband et al., 1977; Husband and Gowans, 1978; Strober et al., 1991) . Such cells are then thought to seed other organs (Husband et al., 1977; Husband and Gowans, 1978) including the mesenteric lymph node. We, therefore, assessed the eect of gut immunization with cholera toxin, an antigen known to produce a predominant IgA response (Lycke and Holmgren, 1986; Lycke and Strober, 1989) , on the occurrence of translocations. Following immunization a 3 ± 5-fold increase in the frequency of c-myc/IgA translocations was observed in Peyer's patches of BALB/c and DBA/ 2 mice, where 26 and 19 events were detected, respectively (Table 1 ). This increase was statistically highly signi®cant (in both cases P50.001) and strongly suggests that c-myc translocation is linked to antigen speci®c immune responses. Translocation speci®c PCR products from immunized animals ranged in size from 2.1 to 4.7 kb (not shown) and were, in this respect, less diverse than those from normal animals (1.9 ± 7.5 kb). Furthermore, sequence analysis of 12 translocations (Figure 3 ) revealed nine to be clustered around position 965 in exon 1 of c-myc with two others (BPI-1 and BPI-5) located in intron 1. Thus, the pattern of breakpoint location is quite dierent than seen in unimmunized mice. Size heterogeneity of PCR products in both populations appears largely determined by variation in the Sa breakpoint consistent with the repetitive sequence nature of this region.
In contrast to unimmunized animals, signi®cant numbers of translocations were now detected in mesenteric lymph node where frequencies increased from undetectable levels to 1.5 and 0.69 per 10 6 B-cells for BALB/c and DBA/2 (Table 1) suggesting that translocation bearing cells migrate from Peyer's patches to other organs in the same manner as normal cells. Translocations were also detected, although at lower frequencies, in spleens from immunized animals.
Discussion
The c-myc/Ig translocation has been strongly implicated as a critical event in the development of both murine and human B-cell malignancies. In murine plasma cell tumors, this translocation is observed at a nearly 100% frequency upon induction with variety of agents (Shen-Ong et al., 1982; Adams et al., 1983; Potter and Wiener, 1992) . The translocation is similarly prevalent in human Burkitt's lymphoma (Dalla-Favera et al., 1982; Magrath et al., 1992; Gauwerky and Croce, 1993) . The present studies were undertaken to determine whether such translocations are obligatorily linked to neoplasia and if dierences exist between tumor susceptible and resistant animals.
Results obtained demonstrate that chromosomal translocations involving c-myc, as exempli®ed by cmyc/IgA rearrangement, occur spontaneously and can be readily detected in normal mice. The present data further indicate that c-myc translocations are linked to normal physiological processes of B-cell development as suggested by the following observations. First, cmyc/IgA rearrangements are detected in Peyer's patches ± an organ known to be a primary site for IgA committed B-cells arising as a consequence of constant exposure to gut derived antigens (Husband et Figure 3 Sequences adjoining the breakpoints of c-myc/IgA translocations from normal and immunized mice. Gel puri®ed or cloned PCR products were sequenced using a set of c-myc speci®c primers. In most cases at least 150 bp were analysed from both sides of the breakpoint. Positions of myc breakpoints are given for the sequence (gb-MMMYCE12). Size and uniqueness of PCR products were veri®ed by electrophoresing all samples simultaneously on one agarose gel. Only translocations with unique sequences are presented. Mismatches with germline sequences are given in lower case letters, dashes indicate deletions. *, 20 bp insertion at breakpoint (AGCGTAGAGGTTCTGGCCGG); {, 25 bp substitution (TTTCCTTCGCGCCACCCGACTCAGA) 157 ± 182 bp upstream of breakpoint, insertion of G 50 bp upstream of breakpoint; }, 56 bp substitution (CACAT-CGCCGGGCCAATCGGCTT GGTTCCAGGAAAAGGAAAG GGTTAAAGGGAACC) 67 ± 122 bp upstream of breakpoint, insertion of G 50 bp upstream of breakpoint; II, insertion of G 50 bp upstream of breakpoint; }, 24 bp substitution (ACACA-TATCGAAGTTGAATGTAGC) 49 ± 64 bp upstream of breakpoint; **, {{, long sequences of unknown origin followed the breakpoint. Sa sequences were detected further downstream, but the origin of the sequences immediately¯anking the breakpoint have not been determined. {{, substitution t ± c 30 bp upstream of breakpoint. Multiple mismatches have been found in the sequences of the switch region. These sequences are available from EMBL/GenBank/DDBJ under accession numbers U67968 ± U67983. Translocations denoted BPI and DPI are from Peyer's patches of immunized BALB/c and DBA/2 mice, and BPS and DPS from control BALB/c and DBA/2 mice, respectively , 1977; Husband and Gowans, 1978; Stanton et al., 1983; Strober et al., 1991) . Second, the frequency of translocations signi®cantly increases upon gut immunization with cholera toxin, an antigen which induces a predominant IgA response (Table 1) (Lycke and Holmgren, 1986; Lycke and Strober, 1989) . That the observed translocations are found primarily (if not exclusively) in the B-cell compartment is further suggested by preliminary experiments in which depletion of B-cells by magnetic beads coated with antibody to CD45R(B220) results in a signi®cant reduction in detected translocations.
The observation that chromosomal translocations deregulating c-myc occur normally and are linked to immune responses suggests that, in some respects, immune responses become mutational events leading to the generation, and possible increased survival, of targets bearing primary defects which may be important for neoplastic progression. Such an association might help to explain the development of lymphoid malignancies associated with chronic antigenic stimulation seen in a variety of conditions such as Helicobacter related peptic ulcer (Hussell et al., 1993) , Lyme disease (Garbe et al., 1991) , Sjoegren's syndrome (Pavlidis et al., 1992 ), Hashimoto's thyroiditis (Isaacson, 1993 ) and Castleman's disease (Soulier et al., 1995) .
The nature of the translocations in normal versus immunized animals is also of interest in terms of biological implications of chromosomal instability. Breakpoints are clustered around two apparent`hot spots' located in exon 1 and the intron between exons 1 and 2 of the c-myc gene, but appear to be more diverse in both size and location in normal than in immunized animals ( Figure 3) . A possible explanation for this observation is that in immunized mice translocation bearing cells are freshly generated whereas in controls this population contains longer surviving cells which have incurred additional mutations in the breakpoint region. This is consistent with results indicating that translocations from tumor lines are more diverse than those observed in pre-tumor tissue from carcinogen treated animals (Muller et al., 1994) and supports the concept that mutation continues in these regions, although possible relevance to tumor progression is unclear.
The ®nding that translocation frequencies are virtually identical in both tumor susceptible and resistant mouse strains (Table 1) indicates that deregulation of c-myc is not the determining factor in development of these tumors. We speculate that translocation bearing cells are eliminated in the same manner as other normal cells in resistant animals. However, in susceptible strains or individuals these cells may survive for longer periods due to other abnormalities and thus become targets for additional mutations which, in conjunction with the translocation, lead to tumor progression. This hypothesis is consistent with several experimental observations. First, the number of plasma cell clusters observed in pristane treated DBA/2 mice is considerably lower than in BALB/c animals (P Hausner and S Rudiko, unpublished). Second, translocations in carcinogen treated DBA/2 mice have also been described, but at a suggested lower frequency than in BALB/c (Muller et al., 1996) . This dierence might equally well re¯ect cell survival as opposed to translocation frequency. Third, in SCID mice reconstituted with bone marrow from BALB/c and/or DBA/2, only plasma cell tumors of the BALB/c genotype were obtained even though recipients were provided with a deregulated myc gene by a raf/myc containing retrovirus (Hilbert et al., 1993) . Thus, the resistant DBA genotype can not be attributed to a failure to progress due to an absence of myc overexpression.
The association of myc translocations with normal lymphocyte development is clearly comparable to that previously reported for bcl-2/J H rearrangements characteristically found in follicular lymphomas (Tsujimoto et al., 1985; Weiss et al., 1987) . These translocations have been detected in hyperplastic lymphoid tissues (Tonsils and lymph nodes) from patients with recurrent infections (Limpens et al., 1991) , and in peripheral blood from 50% of healthy donors (Liu et al., 1994; Ji et al., 1995; Limpens et al., 1995) . As the incidence of follicular lymphoma is about 1/100 000, bcl-2/J H translocations, as noted above for c-myc, can not be the determining factor in this disease, either. It is noteworthy that the dierences in frequencies of c-myc/IgA rearrangements presently observed (*10
76
, Table 1 ) and those reported for bcl-2 (10 75 or greater) may provide support for proposed mechanisms involving the respective translocations. Higher frequencies for bcl-2 may re¯ect their association with V-D-J joining (Tsujimoto et al., 1985) , an event common to all Bcells, whereas the c-myc/IgA translocations most likely occur predominantly during class-switching involving a considerably lower proportion of B cells.
In conclusion, our ®ndings provide evidence that cmyc translocation occurs during normal B-cell differentiation and that the frequency increases in association with antigenic stimulation. Thus, taken together with the bcl-2/J H studies, it appears that a variety of translocations are likely to occur during normal cellular development, which, in the vast majority of cases, have no adverse consequences. However, in the presence of other abnormal conditions, tumor progression may occur. While the deregulation of myc appears absolutely necessary for the development of plasma cell tumors, this event does not obligatorily lead to neoplasia nor determines genetic predisposition to tumor development.
Materials and methods
Animals
Female BALB/cAN and DBA/2 mice (4 ± 6 weeks of age) were obtained from the NIH production facility. Groups of four animals received either an intragastric injection of 30 mg cholera toxin (holotoxin) or an equal volume of 0.2 M sodium bicarbonate. Animals were sacri®ced 1 week after immunization.
Cells and DNA preparation
Lymphoid organs (Peyer's patches, mesenteric lymph node and spleen) were removed and pooled for each group of mice. Peyer's patches were treated with collagenase as previously described (Poussier et al., 1992) . Mononuclear cells were prepared by teasing the tissue through nylon myc translocations in immune responses V Roschke et al mesh followed by centrifugation through a Percoll gradient (40/67%). The proportion of B-cells in each cellular preparation was determined by FACS analysis using antibodies to CD45R(B-220) and TCR a/b (Pharmingen, San Diego, CA). DNA was prepared by a modi®cation of the method of Laird et al. (1991) . Mononuclear cells were incubated overnight at 558C in lysis buer containing 0.1 M tris HCl pH 8.5, 5 mM EDTA, 0.2 M NaCl, 0.2% SDS, 100 mg Proteinase K. An equal volume of isopropanol was added, tubes were swirled for 30 min at rt and the resulting DNA precipitate was washed twice in 70% ethanol. DNA was redissolved in TE by overnight heating at 558C, assessed by agarose gel electrophoresis for degradation and presence of RNA, and quantitated using picoGreen double stranded DNA quanti®cation reagent (Molecular Probes, Eugene, OR) with two sets of standards, adenovirus and l DNA (Gibco BRL, Gaithersburg, MD). DNA was diluted in TE to a concentration of 5610 5 genome equivalents per 10 ml and stored at 48C.
Detection of translocations
Long distance PCR was performed using the Expand Long Template PCR System, buer 3 (Boehringer Mannheim, Indianapolis, IN). DNA from the various preparations was divided into multiple aliquots each representing 5610 5 genomic copies. Each aliquot was ®rst ampli®ed for 37 cycles in a 50 ml reaction mixture using the following c-myc and IgA switch region primers:
The ®rst step reaction was diluted 1 : 100 and subjected to 35 cycles of ampli®cation using the following nested primers:
Temperature conditions were as follows: initial denaturation at 948C for 2 min, followed by cycling with 20 s denaturation at 948C and 8 min annealing/extension at 688C. PCR products were visualized following hybridization with 32 P-labelled myc (GACAGCCACGAC-GACGATGCCCCTCAAC) and a (GTTAGCCTCATTG TAACCAGCCAAGCCAAGTTTCGC) oligonucleotide probes located internally to both primer sets. Only products that were positive by hybridization with both probes and reproducible by a second ampli®cation experiment were considered as bona ®de translocations. Gel puri®ed or cloned PCR products were sequenced using a PCR based sequencing kit from Perkin Elmer (Foster City, CA).
Statistical analysis
Parameters for binomial distribution and t-criteria were calculated as described in (Sokal and Rohlf, 1995) .
